Whereas n-type silicon wafers are used for many high-efficiency cells concepts, the unfavourable segregation coefficient of phosphorus leads to significant resistivity variation along the ingot. Crystals grown by counterdoping with boron or from umg silicon feedstock might offer a solution, but these materials suffer from light-induced degradation due to the boron oxygen defect. In this manuscript, we demonstrate the application of a curing process to B-P compensated n-type Cz silicon. Significant charge carrier lifetime improvements are achieved and a high degree of stability is proven with extensive light soaking experiments. The observation of slight lifetime changes during light soaking is attributed to incompleteness of the curing due to not optimized process parameters. We demonstrate stable lifetimes exceeding 1 ms in wafers with high boron and interstitial oxygen concentrations. Similar to p-type silicon the illumination intensity and process temperature are found to be crucial for the regeneration process in n-type silicon as well. Furthermore the influence of different diffusion conditions is studied and we attribute the results to an influence of diffusion peak temperature rather than thermal budget. Thus, we can report an illumination-stable high-lifetime state of the BO-defect in compensated n-type silicon and provide further insight to the phenomenon of light-induced degradation.
Introduction
Most next generation high potential solar cell concepts rely on n-type base material due to its superior tolerance for metallic impurities and the absence of light-induced degradation (LID). However, the low segregation coefficient of phosphorous (P) results in an unfavorable resistivity gradient along Czochralski grown (Cz) or directionally solidified silicon crystals. One option to prevent this is to counterbalance the resistivity drop with the addition of boron (B) to the silicon melt utilizing the effect of doping compensation. However, multiple groups have demonstrated that the presence of B leads to LID in n-type material, as well [1] [2] [3] [4] [5] [6] . The effect has been attributed to Available online at www.sciencedirect.com the formation of boron-oxygen defect complexes (BO-defects) in analogy to the well-known LID process in p-type silicon. The low-cost feedstock alternative of upgraded metallurgical grade (umg) silicon, which usually contains significant amounts of both B and P, also suffers from this effect.
While recent results demonstrate that the detrimental effect of LID in B doped p-type silicon can be effectively reversed with a dedicated regeneration process [7] [8] [9] providing a high and stable charge carrier lifetime [10] , this illumination stable state has not yet been demonstrated in compensated n-type silicon. Quite contrary, results by Lim et al. indicated this state to be instable in n-type silicon [5] .
In this work, we demonstrate the application of the lifetime curing process to B-P compensated n-type silicon and its stability to subsequent long-term illumination. This provides new insights to the nature of the BO-defect and helps understanding the regeneration process.
Sample preparation and processing
The investigated samples were cut from two Cz crystals: one grown from umg silicon feedstock by Elkem Solar and one from Siemens process purified silicon doped with both, B and P. The contained dopant concentrations [P] and [B] The samples underwent damage etch, wet chemical cleaning, POCl 3 diffusion and emitter removal. Then they were passivated on both sides with a silicon-rich oxynitride stack (SiriON [11] ) deposited by PECVD and activated in a short 700 °C temperature step. QSSPC measurements (WCT-120 Sinton Instruments tool, evaluated at minority charge carrier density n of 0.3 n 0 ) conducted after a 200°C annealing step to deactivate BO-defects demonstrated the high passivation quality of the used passivation, yielding lifetimes as high as 4 ms on lowly-doped samples of the set, as indicated by the first data points in Fig. 1 .
In p-type silicon high temperature processes have an influence on the generation and regeneration of BO-defects, e.g. Bothe et al. [12] and Lim et al. [13] . Therefore, a second set of lifetime samples was processed to study the influence of thermal treatments on the regeneration process. The samples were laser-cut from sister wafers that had undergone different diffusion processes to simulate typical thermal treatments during cell processing. As reference process, the POCl 3 diffusion from the abovementioned sample set was used for group A. The samples of group B were processed from a wafer without any diffusion process to study the as-grown state. Group C was cut from a wafer that was subjected to a co-diffusion process, realized by a POCl 3 diffusion carried out with a boron glass on one wafer surface at an increased diffusion temperature. The wafer for group D underwent a treatment to resemble a sequential diffusion process of a POCl 3 diffusion followed by a BBr 3 diffusion step. Due to experimental limitations the latter was realized by an oxidation process resembling a typical BBr 3 diffusion process. All resulting diffusion profiles were etched back after the diffusion processes.
Regeneration processes

Regeneration treatment and stability test
The samples were exposed to halogen lamp illumination and placed on a hotplate to cure BO-defects. The illumination intensity was adjusted to be 100 ± 15 mW/cm² and the hotplate temperature was 110°C. A control group of sister samples was illuminated alike but placed on a sample stage actively cooled to 25°C to suppress the regeneration process and monitor sample degradation.
After the regeneration treatment extensive long-term illumination experiments were performed to ensure the stability of the regenerated state. The samples were exposed to 5 mW/cm² illumination for about 1200 hours at 30°C and their lifetime was monitored using QSSPC measurements. Because the LID in n-type silicon is known to depend on the illumination intensity [4, 14] and to test for a Fermi level dependence of stability, an additional light soaking test was conducted at 100 mW/cm² illumination on the cooled sample stage for about 100 hours.
Influence of regeneration conditions and thermal treatment
The intensity and temperature during the regeneration process are known to be crucial for the process kinetics and the degree of regeneration that can be reached [15] . Therefore, three different regeneration conditions were chosen and applied to sister samples to study the influence of temperature and intensity during the regeneration process: 100 ± 15 mW/cm² illumination at 145 ± 5 °C 130 ± 15 mW/cm² illumination at 145 ± 5 °C 100 ± 15 mW/cm² illumination at 180 ± 5 °C After the regeneration process, the samples were subjected to light soaking with an intensity of 100 mW/cm² on the actively cooled sample stage for more than 100 hours.
Results
Regeneration and stability
The lifetime evolution of the regenerated samples is shown in Fig. 1 . After a rapid degradation from the starting lifetime in the annealed state, the lifetime of all samples increased during the illumination at elevated temperatures and was mostly stable to illumination at room temperature afterwards. This was observed for samples from both crystals under investigation. Regardless of the degradation kinetics being more complex in n-type silicon [16] , the evolution of the normalized defect concentration N t * = 1/ (t) -1/ ann can be described by single-exponential curves to a sufficient extent. Comparing the lifetime evolution of regenerated samples and their non-regenerated sister samples, we found that the observed degradation can be described with exponential functions with similar time constants but different amplitudes. An example of this behavior is given in Fig. 2 . The ratio of the amplitudes of these exponential functions can be used to approximate the fraction of regenerated BO-defects. A summary of the determined fractions is given in Tab. 2. Table 2 . Characteristic time constants and amplitudes of exponential curves of type y = A1*exp(x/t1)+y0 that describe the defect concentration evolution of the samples to a sufficient extent. The fraction of regenerated defects is an estimation from the amplitude ratio of sister samples. 
Influence of regeneration conditions and thermal history
During the regeneration processes at temperatures of and above 145°C we observed lifetime evolutions of untypical shape, when compared to hitherto results on p-type material and the regeneration at 110 °C presented above. An example is shown in Fig. 3 . The samples showed further reduced lifetime degradation but strongly increased measurement value scattering during light soaking, when compared to the samples regenerated at 110°C. A subsequent second 200 °C annealing caused only a slight lifetime increase, rendering a lifetime limitation due to BO-defects improbable and indicating a possible limitation due to surface recombination. This impedes us from determining quantitative information on the regenerated fraction or precise regeneration rates until the effect is quantified to a high degree. Nevertheless we observed qualitative trends in the gathered data:
Despite having the same light soaking conditions, the samples regenerated at 180 °C exhibited higher relative lifetime degradation than samples regenerated at 145 °C. Lifetime recovery at 145 °C is faster when illuminated with 130 mW/cm² intensity (instead of 100 mW/cm²) Lifetime recovery at 180 °C is even faster Lifetime recovery is correlated to the diffusion process that samples underwent:
Un-diffused samples regenerate slower and less than diffused samples Samples that underwent the standard POCl 3 diffusion (group A) recover faster than samples from group D (sequentially B-P-diffused) which in turn recover faster than samples from group C (B-P Co-diffusion). This was found for all process parameters. Fig. 3 . Lifetime evolution of an investigated n-type sample during a regeneration process at 145°C. The symbols denote effective lifetimes measured with QSSPC and evaluated at n = 0.3 n0. It can be seen that the effective lifetime starts to recover after the initial fast degradation (which is due to temperature-activated LID) but instead of reaching a stable high lifetime state a subsequent slower degradation effect is found that appears to be unrelated to BO defects.
Discussion
As demonstrated by Herguth et al. [7] , a slight lifetime degradation after the regeneration process can be accounted to an incomplete transition to the regenerated defect state. As the sample preparation scheme was designed for a robust and traceable regeneration instead of a maximal fast regeneration process, as proposed by e.g. Wilking et al. [8] , and the regeneration conditions were also not optimized for a fast regeneration, a complete transition was not expected. All defects remaining in the annealed (or: latent) defect state during the regeneration process will be prone to degradation (or: activation) during subsequent illumination. Their activation during illumination will cause a decrease in charge carrier lifetime potentially following a complex progression due to the influence of the hole concentration and therefore minority carrier lifetime on degradation rate, as discussed in [16] . This might have been a key problem in earlier investigations of the regeneration process in n-type silicon, e.g. [5] , leading to a false attribution of the regenerated state to be instable.
We found the lifetime of regenerated samples and their non-regenerated sister samples to degrade on comparable time scales but with different amplitudes. This agrees well with the expected behavior for a process leading to partial regeneration and defect annealing. Rough estimates based on the lifetime levels of sister samples after illumination as well as from the amplitude of the observed degradation yield the fractions of regenerated defects of about 0.8 to 0.95 for most of the studied samples. Because the remaining degradation effect on these samples therefore concerns only a small fraction of the original latent defects, we were able to demonstrate stable lifetimes exceeding 1 ms in wafers with [B] above 10 16 cm -3 and expect even higher lifetimes for an optimized process scheme.
The regenerated fractions of sample 5 and especially of sample 6 appear to be significantly reduced in comparison to the other samples. The reason for this is not yet clear because of the limited set of samples that reached a stable lifetime state limited by BO-defects due to the effect described in section 4.2.
Quantitative results from the parameter variation were impeded by the occurrence of an additional degradation effect that does not appear to be due to boron oxygen defect activation. A likely explanation for this degradation is a decrease in surface passivation quality and thus a surface limitation of the measured effective lifetimes. Under the given circumstances the regeneration conditions of elevated temperature and illumination had to be applied for quite long times of up to many hours and lifetime monitoring required repeated sample handling. This appears to have significantly decreased the quality of the surface passivation of the used SiRiON stack, maybe due to dehydrogenation. Nonetheless we see an increase of the regeneration process rate with increasing light intensity in accordance with results on p-type material [15] . The even faster process rate at 180 °C was to be expected as both the regeneration process as well as the annealing of BO-defects are temperature activated processes. The increased degradation during light soaking afterwards corresponds well with results from studies on p-type material. It can be attributed to the shifted equilibrium regeneration and annealing processes, which results in a smaller expected fraction of regenerated defects [7] .
We find a correlation between the qualitatively determined regeneration process rates and the diffusion treatment. As lifetime improvements due to phosphorus gettering were of minor interest in this study and all processes featured comparable cooling conditions, the main difference between the resulting samples was the total thermal budget and maximum temperature of the diffusion process. The order of the regeneration rates agrees with the maximal temperature during the diffusion process and does not appear to be directly related to thermal budget. Note that due to the limited variation of studied high temperature processes we cannot exclude other factors, e.g. creation of silicon self-interstitials during the oxidation process, to influence the regeneration rate.
The occurrence of the regeneration process in compensated n-type silicon under similar conditions as in p-type material is a strong indication that the transition to the regenerated state is not solely driven by a Fermi level shift induced charge state change of the defect. As the Fermi level shift due to illumination in n-type is contrary to the shift in illuminated p-type, it should not induce the same defect state transition. Also, the long-term stability of the regenerated defect state on illumination is an indication, that regeneration process is not driven by simple hydrogen passivation. As discussed by Sun et al. [17] , a passivation of BO-defects by hydrogen due to a Coulomb interaction might occur in compensated n-type as well, as the regeneration conditions favour the necessary charge states. Contrary to p-type, the resulting electrically passivated defect complex would not be stable under illumination, due to the charge state change of hydrogen to neutral under illumination.
Conclusion
In this contribution we presented a study on the regeneration (or permanent lifetime recovery) of compensated n-type silicon samples with lifetime limitation due to LID. We have demonstrated the regeneration process to occur under comparable conditions as in p-type silicon and have proven the illumination stability of the high-lifetime state with an extensive light soaking experiment. The slight lifetime degradation that occurred has been successfully attributed to the effect of partial regeneration. Stable lifetimes exceeding 1 ms in samples with boron contents exceeding 1.2 10 16 cm -3 and interstitial oxygen concentrations around 7 10 17 cm -3 were demonstrated. We found no essential difference between the regeneration behaviour of samples from the different crystals, hence between Siemens purified and umg feedstock material.
Within this first investigation we confirmed the illumination intensity and process temperature to be crucial for the regeneration process in n-type silicon as well. Furthermore an influence of preceding high temperature treatments was found that is likely to be related rather to maximum temperature than to thermal budget.
The occurrence and stability of the regenerated defect state in compensated n-type provides further insight into the underlying transition mechanism. For example a transition based on a charge state change of the defect followed by a thermally activated defect reconfiguration can be widely excluded, as the Fermi level position in n-type is fundamentally different. Also, a hydrogen passivation based on Coulomb interaction appears unlikely in the light of the illumination stability of the regenerated state. Thus the findings of this work assist the understanding of the regeneration process and therefore help the implementation of the regeneration process on p-type silicon into photovoltaic production.
